We have extended the study of the effects of antisense oligodeoxynucleotides on hematopoietic colony formation to include the effects of antisense to granulocyte-macrophage colony-stimulating factor (GM-CSF), granulocyte colony-stimulating factor (G-CSF), and macrophage colony-stimulating factor (M-CSF) on bone marrow cultures. GM-CSF antisense and GM-CSF receptor antisense cause an increase in mixed erythr0id:nonerythroid colonies and a decrease in mixed nonerythroid colonies, which is an effect opposite to that described previously for erythropoietin (Epo) and Epo receptor antisense. The effect of GM-CSF N A RECENT REPORT,' we presented evidence that I erythropoietin (Epo) and its receptor have an internal autocrine role in erythropoietic differentiation acting on multipotent precursor cells of mouse bone marrow (BM). This evidence was derived from studies using antisense oligonucleotides complementary to the 5' regions of the Epo gene and of the Epo receptor cDNA; both antisense oligomers caused a significant decrease in mixed erythroid:nonerythroid (E:non-E) colonies and a concomitant increase in mixed nonerythroid (mixed non-E) colonies grown in semisolid medium. As a result of these experiments, we suggested a general model of hematopoietic differentiation in which the early stages of differentiation and/or proliferation of multipotent cells are under internal autocrine regulation by specific 1igand:receptor pairs. The more conventional effects of extracellular ligands acting on external, membranebound receptors may then characterize later stages of the differentiation pathway. If this model has generality, rather than being restricted to erythropoiesis, it would predict that antisense oligonucleotides to an early-acting ligand that acts on nonerythroid differentiation should have an effect opposite to that of the Epo or Epo receptor antisense oligomer; ie, a suppressive effect on mixed non-E colonies and a stimulatory effect on mixed E:non-E colonies. In the experiments described here, we show that antisense to granulocyte-macrophage colony-stimulating factor (GM-CSF) and its receptor (GM-CSF-R) have the predicted effects causing a decrease in mixed non-E colonies and an increase in mixed E:non-E colonies. Similar experiments with antisense to granulocyte colony-stimulating factor (G-CSF) and macrophage colony-stimulating factor (M-CSF) showed no effect.
I erythropoietin (Epo) and its receptor have an internal autocrine role in erythropoietic differentiation acting on multipotent precursor cells of mouse bone marrow (BM). This evidence was derived from studies using antisense oligonucleotides complementary to the 5' regions of the Epo gene and of the Epo receptor cDNA; both antisense oligomers caused a significant decrease in mixed erythroid:nonerythroid (E:non-E) colonies and a concomitant increase in mixed nonerythroid (mixed non-E) colonies grown in semisolid medium. As a result of these experiments, we suggested a general model of hematopoietic differentiation in which the early stages of differentiation and/or proliferation of multipotent cells are under internal autocrine regulation by specific 1igand:receptor pairs. The more conventional effects of extracellular ligands acting on external, membranebound receptors may then characterize later stages of the differentiation pathway. If this model has generality, rather than being restricted to erythropoiesis, it would predict that antisense oligonucleotides to an early-acting ligand that acts on nonerythroid differentiation should have an effect opposite to that of the Epo or Epo receptor antisense oligomer; ie, a suppressive effect on mixed non-E colonies and a stimulatory effect on mixed E:non-E colonies. In the experiments described here, we show that antisense to granulocyte-macrophage colony-stimulating factor (GM-CSF) and its receptor (GM-CSF-R) have the predicted effects causing a decrease in mixed non-E colonies and an increase in mixed E:non-E colonies. Similar experiments with antisense to 0 I993 by The American Society of Hematology.
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antisense oligomer is not abrogated by the presence of the ligand in the culture. Antisense oligomers to G-CSF and M-CSF have no effect. When Epo and GM-CSF antisense oligomers are added simultaneously, the effects seem to be independent, with the GM-CSF antisense predominating. These data support the hypothesis of intemal autocrine regulation of multipotent hematopoietic precursor cells, and extend the concept to myeloid as well as erythroid differentiation. 0 1993 by The American Society of Hematology.
granulocyte colony-stimulating factor (G-CSF) and macrophage colony-stimulating factor (M-CSF) showed no effect.
MATERIALS AND METHODS
Oligodeoxynucleotides preparation. Oligomers were synthesized on an Applied Biosystems 380B DNA synthesizer (Applied Biosystems, Inc, Foster City, CA).
The sequences used were from the mouse genes for GM-CSF,Z" G-CSF," and M-CSF.5*6 Each exon I sense sequence starts three bases from the translation initiation site. The GM-CSF sense sequence is 5TGGCTGCAGAATTTACTTY and the complementary antisense sequence is S'AAGTAAATTCTGCAGCCAY. The G-CSF sense sequence is S'GCTCAACTTTCTGCCCAGY. The complementary antisense is 5'CTGGGCAGAAAGTTGAGCY. M-CSF sense has the sequence SAGCTGCCCGTATGACCGCY, and the antisense sequence is S'GCGGTCATACGGGCAGCTY. GM-CSF-R sense sequence' is SATGAGGTCATCACATGCCY, and the antisense sequence is SCGCATGTGATGACCTCATY.
Marrow cells from 6-to 8-week-old B6D,F, /J6 female mice (Jackson Laboratories, Bar Harbor, ME) were flushed into a medium and resuspended at 106/mL in 70% a medium (Sigma Chemical Co, St Louis, MO) and 30% fetal calf serum (FCS) (GIBCO-BRL, Grand Island, NY) that had been heated to 66°C for 45 minutes.' Cell suspensions (2 mL) containing 3 U/mL ofmurine recombinant interleukin-3 (rIL-3) (courtesy of Dr Phillip B. Maples, Baxter Laboratories, Round Lake, IL) were incubated in 35-mm suspension culture dishes (Nunc, Inc, Naperville, IL). The appropriate oligodeoxynucleotides at 150 pg were added at zero time and 75 pg more added at 24 hours. Cells were incubated at 37°C in a humidified atmosphere of 5% CO,, 95% air for 36 hours, after which 1 mL of a medium was added and the cells were harvested and centrifuged at 1,000 rpm (190g) for 10 minutes at 4°C. Cells were resuspended in 0.5 mL of a medium. The preincubated cells were plated at 105/mL in 0.8% methylcellulose (methocel A4M premium; Dow Chemical, Midland, MI), 2-mercaptoethanol (0.1 mmol/L) (Eastman Kodak, Rochester, NY), sodium selenite (10 nmol/L) (ICN Pharmaceuticals, Plainview, NY), 2% bovine serum albumin (BSA) (Armour Pharmaceuticals, Kankakee, IL), 30% FCS (heated at 56°C for 30 minutes), 1 U/mL ofEpo (recombinant human Epo, Amgen, Thousand Oaks, CA), and 50 U/mL of IG3 (recombinant murine). The 1-mL cultures were incubated at 37°C in a humidified atmosphere of 5% COz, 95% air for 7 or 11 days. The colonies were stained with benzidine according to Ogawa et al, 9 and each of the four replicate dishes were scored for erythroid burstforming units (BFU-E), mixed E:non-E, and mixed non-E colonies as previously described. ' Statistical significance was calculated using Abstat software (Anderson-Bell Parker, CO cause antisense oligomers (GM-CSF and GM-CSF-R) cause a significant decrease in total colony formation, t-tests were done using the percents of total values.
RESULTS
Incubation of mouse BM cells with GM-CSF antisense and sense oligonucleotides showed that the latter had essentially no effect on either the number or distribution of colonies at 7 or 1 1 days of culture. On the other hand, the antisense oligonucleotide caused a significant reduction (52%) of mixed non-E colonies, augmentation (41%) of mixed E:non-E colonies, and a decrease in total colonies ( Table 1) . At 7 days where erythroid bursts were found, the numbers were significantly decreased from the expected value because of the 36-hour preincubation and were too few to discern any effect on these purely erythroid colonies. The cultures incubated for 1 1 days showed similar effects of the antisense oligomers. These results were consistent over at least four experiments using the same protocol.
In contrast, G-CSF and M-CSF antisense oligonucleotides had no effect on colony formation at 7 or 11 days, as was also the case for the sense oligomers (Tables 2 and 3) . Because these three experiments were done separately, and because it was important to show that the marrow cells could respond to the appropriate antisense oligomer, another experiment was done testing all six sense and antisense oligomers with the same pool of cells. The results at 7 days agreed with the individual experiments ( Tables 1, 2 , and 3), neither the sense nor antisense oligomers to G-CSF or M-CSF had an effect, nor did the GM-CSF sense oligomer. The GM-CSF antisense oligomer, as previously, caused a significant increase in mixed Exon-E colonies, a significant decrease in mixed non-E colonies, and a significant decrease in total colonies (data not shown).
Because GM-CSF can be formed by some cells of the marrow," and because the GM-CSF antisense might possibly affect non-E colony formation simply by inhibiting ligand formation by these cells, we tested the effects of the oligonucleotides in the presence of 100 U/mL of murine recombinant GM-CSF (rGM-CSF) (Immunex Corp, Seattle, WA) in the medium. The results show that neither the increase in mixed E:non-E colonies nor the decrease in mixed non-E colonies is altered by the presence of GM-CSF during the period when antisense oligonucleotides were present. This was true at both 7 and 1 1 days of culture (Tables 4  and 5 ).
The sequence of the murine GM-CSF receptor was recently published, and we could then test the effect of receptor sense and antisense oligomers on hematopoietic colony formation along with GM-CSF sense and antisense oligomers. The results (Table 6 ) with the receptor antisense agree with those using the ligand antisense. As expected, at both 7 and 11 days of culture, the receptor sense oligomer has no effect, whereas the receptor antisense 18 mer caused significant suppression of mixed non-E colony formation, a significant increase in mixed E:non-E colonies, and a significant decrease in total colonies.
It is important to note that even when there was a decrease in total colony formation caused by GM-CSF or GM-CSF-R antisense, the absolute number of mixed E:non-E colonies was increased (Tables 1, 4, 5, 6, and 7) .
The evidence, to date, suggests that both Epo and GM- CSF and their receptors may function in internal autocrine regulation of multipotent precursor cell proliferation and/ or differentiation, and that normal colony formation is decreased by the corresponding antisense oligomers. We tested the possibility that the actions of the two-ligand antisense oligomers are independent by adding both simultaneously and compared the effects with cultures in which the corresponding sense oligomers were added. The results (Table 7) are consistent with each antisense oligomer acting independently. For example, Epo antisense caused a 58% increase in mixed non-E colonies at 7 days as compared with the sense oligomer, whereas GM-CSF antisense caused a decrease of 62%. (We think it is appropriate to compare the effects of antisense oligomers with the corresponding sense oligomers rather than with the untreated controls because of the possible nonspecific effects of oligodeoxynucleotides on cell growth in cultures.) When both antisense oligomers were added, the increase in mixed non-E colonies caused by Epo antisense was essentially abrogated. Similarly, the epo antisense alone caused a 65% decrease in mixed E:non-E colony formation and GM-CSF antisense alone caused a small (19%) increase. When both were present, the decrease in mixed E:non-E colonies caused by Epo antisense was about one half that seen when only Epo antisense was present. With Epo antisense, the total number of colonies was slightly (1 1%) greater than that found with the sense oligomer, whereas for GM-CSF antisense total colony number was decreased by about 40%. When both antisense oligomers were present, the GM-CSF antisense effect predominated. Although total colony number was decreased when both antisense oligomers were present, the distribution of colonies was not affected by the antisense oligomers; 73% to 75% mixed non-E and 19% to 22% mixed E:non-E. This is in contrast to the effects of the GM-CSF antisense oligomer alone where there was a sharp decrease in the percentage of mixed non-E colonies and a sharp increase in the percentage of mixed E:non-E colonies. Our original observations on the effects of Epo and Epo receptor antisense oligomers on early progenitor cells of the marrow led us to the unorthodox and tentative conclusion that there is an internal autocrine mechanism that operates in the early stages of normal blood cell differentiation. This conclusion is strengthened by the data presented here, which show that, as anticipated from the model we pro- For personal use only. on September 24, 2017. by guest www.bloodjournal.org From posed, an antisense oligomer directed against GM-CSF has an effect opposite to that found for Epo antisense. The suppression of mixed non-E colonies and augmentation of mixed E:non-E colonies suggest an internal autocrine role for GM-CSF and its receptor as well as for Epo and its receptor. Because the results are not affected by the addition of GM-CSF to the medium, we are justified in the assumption that the antisense effect is not simply the result of suppressed GM-CSF secretion by one subpopulation of marrow cells and acting on another in the more classic manner of external ligandcell interaction. As we found earlier with Epo antisense, there was no discernible effect of the GM-CSF and GM-CSF-R antisense oligomers on the formation of the small number of erythroid bursts. Our findings that both EpoR and GM-CSF-R antisense oligomers have effects similar to those of their corresponding ligands provide good evidence that the observed effects cannot be caused by the actions of accessory cells in the BM. Such cells might provide ligands but could not provide receptors.
In all of the experiments in which GM-CSF or its receptor antisense were present, there was a significant decrease in total colony formation that was not seen when Epo,' M-CSF, or G-CSF antisense oligomers were used. This suppression of total colony formation occurred even when mixed E:non-E colony formation was increased. Because in control cultures the number of mixed non-E colonies ranges from three-to fivefold greater than the number of mixed E:non-E colonies, any significant suppression of granulocytic/monocytic differentiation by GM-CSF antisense is bound to cause a decrease in total number of colonies.
In contrast to our finding that G-CSF antisense does not have an effect on early hematopoietic cells, whereas GM-CSF antisense does, Segal et a122,23 reported that antisense for each of these cytokines can cause suppression of IL-1 -induced expression of the corresponding growth factor.
The data suggesting independent action of Epo and GM-CSF antisense oligomer lend support to the idea that each of these ligands may interact with the corresponding receptor in an internal autocrine mode to regulate the proliferation and/or differentiation of multipotent precursor cells of the hematopoietic system. Other cytokine antisense oligomers are now being studied to determine how general this mechanism may be.
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